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Abstract
As the attempt to send humans to Mars has gained momentum in the last decade, the need to find
alternative propellants that are safer, less toxic, and yields a better performance has become
apparent [1]. Liquid methane and oxygen have emerged as a suitable alternative. In addition, the
incorporation of liquid methane/liquid oxygen into the propulsion system has demonstrated an
increase in engine performance, as well as a reduction in the volume, size and complexity of the
propulsion system. In an attempt to further understand the technologies that are possible to
develop using liquid oxygen (LO2) and liquid methane (LCH4), a preliminary design of a robotic
lander JANUS is being completed by the Center for Space Exploration and Technology Research
(cSTER). The structural design of the vehicle is important because it acts as the skeleton of the
vehicle and dictates the maneuverability of the robotic lander. To develop the structure of the
robotic lander, six different design vehicle concepts with varying tank configurations were
considered. Finite Element Analysis (FEA) was completed on each model to optimize each
vehicle. Trade studies were completed to choose the best design for JANUS. Upon completion of
the trade studies the design for the first prototype of JANUS was initiated in which the tank and
thrust modules were designed. This thesis will describe the design process for the structural
design of the JANUS.
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Chapter 1: Introduction and Background
1.1 INTRODUCTION
Since the beginning of the space program hypergolic and oxygen/ liquid hydrogen
propellants have been utilized to power space vehicles. Both have proven to be difficult to handle
and hypergolic propellants can often be harmful to the environment due to their high toxicity. As
the attempt to send humans to Mars has gained momentum in the last decade, the need to find
alternative propellants that are safer, less toxic, and yields a better performance has become
apparent [1]. Liquid methane and oxygen have emerged as a suitable alternative, particularly
since this combination of propellants could be made from Mars atmosphere. In addition, the
incorporation of liquid methane/liquid oxygen into the propulsion system has demonstrated an
increase in engine performance, as well as a reduction in the volume, size and complexity of the
propulsion system. Consequently, these attributes reduce the total mass of the vehicle which is a
crucial aspect that is considered when planning space missions to both the Moon and Mars [1].
Due to the recent emergence of the use of liquid methane as propellant, further research is
ongoing to understand how propulsion and integrated systems perform under these conditions.
In an attempt to further understand the technologies that are possible to develop using liquid
oxygen (LO2) and liquid methane (LCH4), a preliminary design of a robotic lander is presented
in this thesis. The robotic lander will incorporate a propulsion and guidance system. The
propulsion system will consist of a throttlable main engine, known as the CROME X, capable of
reaching a maximum thrust of 2,000 lbf and a specific impulse (Isp) of 240s. The robotic lander
will also incorporate a gimbaling system which will be responsible for correcting the robotic
lander’s trajectory and ensure that the lander will remain stable during flight.
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The overall design of the robotic lander will be completed in three major phases. Phase 1
initiated the development of the design for a static test bed which will incorporate the overall
structure design of the robotic lander and will have the capability to measure the thrust of the
CROME X main engine. The purpose of the first prototype is to test the main engine’s
performance and the propulsion system reliability. After completion of this Phase, Phase 2 will
result in a second prototype (J-2), which will be manufactured to complete tethered testing of the
vehicle. This stage will allow testing of the integrated system and the opportunity to test the
navigation control of the vehicle with the assurance that total loss off the vehicle will not occur.
Phase 3 will result in the third iteration of the vehicle (J-3), which will be a free flight robotic
lander with the goal of completing a flight mission. Throughout the three stages of development
of the robotic lander, various iterations will be completed. Each test will provide data necessary
for component improvement. Upon completion of the robotic lander and successful flight
demonstration, data of the performance and reliability of a LO2/LCH4 propulsion system could
be evaluated, further solidifying the reliability of liquid oxygen and liquid methane. The current
thesis emphasizes work done for use in the structural design for the vehicle during Phase 1 of the
project. Trade studies were completed with various vehicle concepts to select the best design for
robotic lander. The analysis will allow the design of Phase 1 to be initiated.
1.2 LIQUID OXYGEN/ LIQUID METHANE TESTING OVERVIEW
In the past liquid methane has been used as an alternative propellant, recently it has gained
significant notoriety. This is due to recent studies that suggest that oxygen and methane could be
produced using Mars’ atmosphere allowing the initial flight payload to decrease in Mars bound
space vehicles significantly making it an even more appealing propellant alternative [1-2].
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Hence, NASA and various commercial space companies such as Space X and Blue Origin have
begun to develop and test various technologies that utilize liquid oxygen (LO2) and liquid
methane (LCH4).
One of the major disadvantages of utilizing LO2 and LCH4 is the lack of research and testing
this combination in rocket engines, pertaining components, and reliability in space. Therefore,
increasing the overall risk of utilizing these propellants during flight and manned missions [1, 3].
Since the mid 2000’s several projects have been developed to test various LO2/LCH4 rocket
engines and RCS thrusters [1-2].
1.2.1 RS-18 Main Engine for Lunar Ascent Vehicle Altair
In 2009, NASA began the development of a lunar ascent main engine for a lunar lander
known as Altair. NASA partnered with Pratt and Whitney Rocketdyne to demonstrate the
dependability of igniting a LO2/LCH4 main engine under vacuum conditions [4]. To
demonstrate the capabilities of the LO2/LCH4 main engine, a team led by NASA Glenn
Research Center made small modifications to the existing RS-18 engine to power the engine
utilizing liquid oxygen and liquid methane. In 1972, the RS-18 engine was utilized as the ascent
engine for the Apollo Excursion Module operated during the Apollo 9 and 11 missions [5]. The
ascent engine operated with hypergolic propellants, which were composed from a combination
of nitrogen tetroxide and Aerozine 50 [5]. By replacing the hypergolic propellant for the
LCH4/LOX propellant combination, the propulsion system decreased from a total weight of
2,000 down to 1,000 lbm [5]. A decrease in weight was a major advantage, but a decrease in
engine performance was expected.
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The RS-18 engine design incorporated the existing hypergolic injector previously used in the
lunar ascent vehicle. After modifying the RS-18 engine to include a spark torch igniter, altitude
testing at Johnson’s Space Center White Sands Test facility was initiated. The main purpose of
conducting hot-fire tests of the RS-18 engine was to test the engine’s ignition capabilities under
vacuum conditions [4].
Testing was completed in test stand 401 at White Sands test
facility in which propellant flow was measured utilizing both
Coriolis and turbine flow meters for comparison and data
integrity purposes. In order to simulate vacuum conditions, the
RS-18 engine was tested in a Large Altitude Simulation System
which is capable of simulating altitude conditions up to 122,000
feet [5]. During testing, discrepancies in mass flow readings
between the Coriolis and turbine flow meter were observed.
After reviewing the test data, it was determined the error in the
Figure 1. RS-18 Engine in Test Stand 401 [5]

measurement readings were due to the propellant undergoing
phase change during the delivery process causing two-phase flow to occur through the flow
meter [5]. With subsequent testing, it was concluded that the Coriolis flow meter should be
utilized when completing steady-state engine test, while the turbine flow meter should be
incorporated during throttling conditions as it provided an accurate reading [5]. Upon the
completion of testing, the RS-18 engine was successfully ignited three times under vacuum
conditions indicating that the LO2/LCH4 main engine is capable of igniting consistently under
vacuum [4]. The RS-18 main engine provided a stepping stone for LO2/LCH4 technologies as it
served as a starting point for the lunar ascent engine in which optimization can be completed.

4

The set of tests completed also allowed the construction of a test stand for the lunar ascent
vehicle engine which would serve as a test stand for future ascent main engines and engine
components.
Before the testing of the RS-18 engine, Marshall Space Flight Center (MSFC) was
developing and testing various main engine components to better understand the injection and
ignition performance of various injector and igniter
designs which could be used in an Altair Robotic
lander [6]. Injector development initiated in 2009 as
an impinging injector was tested at sea level
conditions and demonstrated poor performance
compared to the target 98% combustion efficiency

Figure 2. Igniter Testing [6]

desired [6]. Hence, a different type of injector configuration was tested. An existing 28 element
swirl coaxial injector was modified to run utilizing LO2/LCH4 instead of LO2/liquid hydrogen.
During testing of the injector, the injector obtained a combustion efficiency ranging from 99% to
98% at mixture ratios ranging from 2.5 to 3.5 [6]. The injector was modified to contain 40
elements instead of 28 in order to achieve higher combustion efficiencies. Upon testing the
injector did not provide sufficient pressure drop causing an instability in the flow [6]. Further
modifications and testing was completed for the injector before being incorporated to the main
engine
1.2.2 Armadillo Aerospace Engine Development
A third main engine was developed by Armadillo Aerospace and was incorporated to a
free flying vehicle. Armadillo’s free flying vehicle completed tethered and free flight tests,
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becoming the first vehicle to complete free flight with a LO2/LCH4 dual-bell nozzle, pyrotechnic
igniter, and throttable engine [7]. Further testing of the engine
was completed at White Sands Test Facility in collaboration
with Johnson Space Center. The engine developed had an
impinging injector which pattern was applied to overcome the
combustion instabilities observed during engine firing. The
engine was tested using two types of nozzles: normal and
extended dual-bell nozzle configuration at JSC’s White
Sands Test Facility under vacuum and sea level conditions

Figure 3. Armadillo Aerospace Main Engine
Testing at White Sands [7]

[7]. A total of ten hot fire tests were conducted. Sea-level hot-fire tests of the under expanded
engine design yielded a specific impulse ranging from 141 to 137s during a four second run.
While under vacuum conditions the expanded nozzle produced an Isp ranging from 227 to 133s
during a 17s run. Hence, demonstrating that the over expanded nozzle allowed the engine to
obtain better performance [7]. With these results obtained, optimization of the nozzle design for
the main engine was achieved. Furthermore, the testing allowed for the successful demonstration
of LO2/LCH4 ignition while incorporating a torch and pyrotechnic igniter under vacuum and sea
level conditions. Pressure drop readings throughout the feed system and at a variety of mass
flows yielded data about engine performance at many different altitude conditions.
1.2.3 Project Morpheus: Propulsion System
NASA Johnson Space Center initiated project Morpheus to incorporate a LO2/LCH4
propulsion system to a vertical test bed. Project Morpheus has made significant advancements in
liquid oxygen/liquid methane propulsion system technologies by being one of the first
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autonomous vehicles to fly utilizing an integrated LO2/LCH4 propulsion system [8]. In fact, this
thesis borrows many concept used during this test campaign and improves on certain aspects of
the system.
Morpheus, the vertical test bed, is powered
by a 4,200 lbf main engine, which began
development in 2010 [9]. Three different
iterations of the main engine (HD1, HD2, and
Figure 4. Morpheus Main Engine Testing [10]

HD3) were designed, manufactured, and tested.

The first iteration of the main engine (HD1) had a maximum thrust of 2,700 lbf, utilized an
impinging injector, and the combustor body was cooled using a technique known as film cooling
[10]. During the hot-fire tests of HD1 the desired engine’s performance was achieved ( Isp of
190s) but combustion instabilities caused damaged to the main engine’s injector and combustion
chamber [10]. For the next iteration (HD2) of the main engine, the damaged components were
brazed but consistent leakage was detected in the injector causing the engine to be abandoned
completely [10].
The final iteration, HD3, consisted of two different 4,200 lbf engines. Acoustic cavities were
added to the engine to minimize the combustion instabilities observed during the testing of HD1
[10]. During the hot-fire test of HD3, the acoustic cavities proved to work effectively as
combustion instabilities were minimal during testing. The main engine for the Morpheus vehicle
was manufactured after slight modifications to the film cooling orifices and acoustic cavities
were made to HD3 [10]. Slight modifications continued to be made to the main engine causing a
new iteration of the main engine to be manufactured and became known as HD4 [8]. HD4 has
the capability of reaching a maximum thrust of 5,400 lbf at sea-level with and intended thrust of
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4,200 lbf and a specific impulse of 321s during flight [8, 9]. HD4 is the main engine that was
used in the Morpheus free-flight testing in 2012 and 2014 in conjunction with a gimbaling
system to control the vehicles trajectory [8, 9].
Apart from utilizing a LO2/LCH4 main engine, the Morpheus vehicle also contains an
integrated reaction control system (RCS) which utilizes LO2/LCH4 reaction control system
(RCE). These engines are responsible for controlling the roll maneuver of the vehicle. Since the
main engine and RCS thrusters are powered by the same propellant combination, the feed system
for both the RCS and main engine are combined reducing the overall complexity and mass of the
propulsion components [11].
The first design of the reaction control engine (RCE) consisted of an igniter previously used
in an existing Aerojet 870 lbf engine and the addition of a small combustion chamber. To prove
that the RCS thrusters are capable of repeatable ignition and pulsing at various propellant
conditions, hot- fire tests were conducted using gas, liquid, and sub-cooled methane and oxygen
[11]. The first set of hot-fire tests were conducted while using a coiled liquid nitrogen line to
cool the propellant lines [11]. Hence, causing the propellants to enter the thruster as two-phase
flow. During these tests, the RCS thrusters were run at a 25% and 50 % duty cycle with pulses
varying every 5 seconds to continuous pulsing [11]. Throughout the test campaign, the RCE
thrusters were able to produce between 3 to 6 lbf of thrust [11]. A new 5 to 15 lbf engine thruster
was developed based on the results obtained from the first set of hot-fire tests obtained during the
first prototype. The RCS contained a coil plug igniter which reduced the overall mass and size of
the ignition system, while at the same time minimizing the probability of corona discharge to
occur [11]. The thrusters’ compact design made it ideal to be implemented into the Morpheus
test bed. Four RCE thrusters in each axis were mounted to control the roll of the vehicle during
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flight operations [11]. The thrusters’ propellant was supplied by the LOX and methane tanks and
lines that were used to provide propellant to the main engine. The integration of the RCS
thrusters and main engine marked the first time an integrated LO2/LCH4 propulsion system flew
[8].
1.2.4 Space X Raptor Engine
Apart from the projects developed by NASA, private sectors have also sought to
incorporate LO2/LCH4 technologies to be applied for future rockets. Space X began the
development of the Raptor engine in 2009. The Raptor was first conceptualized as a liquid
hydrogen and liquid oxygen engine which would be pressurized utilizing turbopumps for both
the fuel and oxidizer [12]. The ability of the LO2/LCH4 propellant combination to drastically
decrease the mass of space vehicles made it an attractive alternative for future missions to Mars.
For this reason, in 2012, Space X decided to modify the concept of the Raptor engine so that
liquid methane replaced liquid hydrogen as the fuel source of the engine. The engine has an
estimated thrust of 989,159 lbf and an expected Isp of less than 360 s. Like its predecessor, the
propellants are pressurized by turbo-pumps and utilizes regenerative cooling for the engine. As
of September 27, 2016, the Raptor engine completed successful testing at Stennis Space Center
[12]. The Raptor engine will be incorporated into a space rocket similar to Falcon 9 for the main
first and second stage of the vehicle, which will be responsible for delivering cargo, as well as a
crew to Mars [12]. The Falcon 9 a two-staged rocket which is powered by nine liquid oxygen
and kerosene engines providing more than 50,000lbf of thrust [13, 14]. Falcon 9 has made
various trips to the International Space Station (ISS) to deliver the required payload [13].
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1.3 LUNAR AND MARS ROBOTIC LANDER DEVELOPMENT OVERVIEW
Robotic landers are essential in any space exploration mission as they are responsible for
carrying payload and crews safely to the planet’s surface. As the race to send the first manned
crew to Mars has gained speed in the last couple of years, the development of robotic landers to
land on the surface of Mars or the Moon have been developed by NASA and other agencies.
1.3.1 Apollo Lunar Module
The development of the lunar lander began in 1962 by Grumman as the race to land in
the Moon took full speed. The lunar module is the only lunar lander to fly in the vacuum of space
and land a crew on the moon [15]. The design, development, and testing phases for the program
faced difficulties as weight became the leading design requirement throughout the process. For
this reason, a total of fifteen different design iterations were completed.
Since weight of the vehicle was an issue throughout
the design and development of the Apollo lunar module, a
1:15 structure weight ratio was desired to meet the
requirements [16]. In order to reduce weight from the
vehicle, aluminum and titanium alloys were used for most
of the structure and larger truss elements were chosen in
order to reduce the number of structural joints found
throughout the vehicle [16]. The structural design of the
Lunar module was completed in two major stages: (i) the
Figure 5. Lunar Module Dimensions [16]

ascent and (ii) descent sections of the vehicle [17]. The
descent stage of the vehicle was responsible for taking the vehicle to the surface of the Moon
when the capsule reached the Moon’s orbit and contained three major structural areas which
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were the cabin, midsection, and equipment bay [16, 17]. Once the mission was completed the
descent stage would be left behind, while the ascent stage returned to the crew capsule [17]. The
ascent structure was 92in in diameter and was composed of two structural beams which were
responsible for carrying the loads within the cabin and also incorporated a tubular truss to hold
the RCS engines. The structure for the descent stage was mainly composed of two beams that
created an “X” shape which formed the upper and lower deck of the vehicle. The crossed beams
were attached to the asset of trusses which formed the legs of the vehicle [16]. An outer
aluminum skin held together by rivets was added to the descent and ascent stage to protect the
crew and components from the harsh environment encountered in space [16].
Extensive studies were completed to
determine the best design for the configuration of
the Lunar module’s legs [17]. Two major design
configurations were considered. These two
designs suggested the use of four legs for
Figure 6. Cantilever Landing Gear Lunar Module [17]

stability, and the incorporation of a primary and
secondary struts capable of deforming axially upon landing [17]. Even though both concepts
were very similar, the major difference between them was that the first concept attached the
lower struts of the legs to base of the descent stage (Tripod). Concept two attached the legs at a
height of 36in above the primary structure (cantilever) [17]. NASA Langley Research Center
along with Grumman developed two different codes to analyze the dynamics of the landing loads
of the vehicle [17]. The two landing gear concepts underwent extensive testing at Langley and
Grumman to determine which concept would land successfully in the Moon’s surface. Upon
completion of the various tests and analysis the cantilever landing gear design was selected due
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to the its performance during testing. After the design of the lunar lander was finalized, structural
testing was completed on the main structure known as L-3. Six different vehicle iterations of the
Lunar Module underwent vibration, static, and drop tests [17]. During testing of each vehicle
structure, various major problem areas were addressed.
The structure of the descent stage of the Lunar Module was mainly composed of
diagonal-tension beams which were made of aluminum shear panels in order to decrease overall
weight of the vehicle [16]. During vibration tests of the vehicle, cracks were encountered in the
panels due to continuous buckling resulting in high stress areas to be localized causing cracks to
be formed in those regions [16]. To mitigate the problem, fiberglass was applied to the panels in
order to increase the stiffness [16]. Subsequent vibration tests demonstrated that the
modifications made to the panels were successful. Apart from fatigue occurring at the panels of
the descent stage, stress corrosion began to occur in several fittings and trusses of the vehicle.
The issue was believed to be due to localized stress corrosion caused when the fittings were
added to the structure [16]. To resolve the issue, the treatment of the material was modified in
order to prevent future stress corrosion in the fittings and struts [16].
Upon the completion of the extraneous testing, the Apollo Lunar module flew a total of
ten successful missions [16]. With its most memorable mission occurring in 1969 when Buzz
Aldrin and Neil Armstrong became the first men in the moon.
1.3.2 Descent Assisted, Split Habitat (DASH) Lander and Cargo star Horizontal Lander
In the early 2000’s NASA sought to increase space exploration and send humans to the
moon again by the year 2020 [18]. To achieve NASA’s goal, Langley Research Center was
tasked to develop the structural design for two different lunar lander concepts [19]. The lunar
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landers’ flight mission would be completed utilizing the Ares V Cargo Launch Vehicle in
conjunction with the Earth’s departure stage. The Ares V would be responsible for launching the
lunar lander to Earth’s Lower Orbit (LEO) where it would stay in orbit for 95 days. While the
Lunar lander remains in orbit the Ares I Crew Launch Vehicle and Orion Crew Exploration
Vehicle would be launched into LEO where the two launch vehicles would dock together. After
successful docking the Earth departure stage will redirect the vehicles toward the moon in which
the lunar lander and Orion Crew Exploration Vehicle would detach and land on the Moon [19].
The first lunar lander concept, DASH Lander, incorporated a hypergolic propulsion
system that utilizes two pressure fed engines. The
lander was composed of three different stages: (i) a
lander module, (ii) transport habitat responsible for
carrying the crew and (iii) the propulsion system.
The payload module which carried the inflatable
surface habitat and any extra cargo to the Moon’s
surface. A retro module, which carried a LO2/LH2
engine, was used in the ascent stage to provide the

Figure 7. DASH Lander [19]

velocity and thrust required to land the vehicle on Mars [19]. The structure of the DASH lander
was composed of Aluminum-Lithium 2195 structural members placed in a 16ft octagonal pattern
which formed the base of the lunar lander. The octagonal base was responsible for supporting the
surface habitat and its pertaining hardware [19]. The same octagonal base was placed on top of
vertical structural members form to hold the transport habitat, the propellant tanks, and RCS
engines [19]. The DASH vehicle also incorporated a hinged landing gear that allowed the legs to
extend or compress depending on the impact the vehicle experiences during landing [19].

13

Once the structural design of the DASH lander was complete, linear structural analysis
was completed using NASTRAN and HyperSizer. The analysis allowed sizing of the structural
members while at the same time highlighted weak areas in the structure [19]. When completing
the analysis, a combined 5g axial and 2g lateral load were implemented to the lander to model
the various stresses the vehicle would experience during launch [19]. The results obtained
through these analysis was utilized to size 80% of the structural members by maintaining a safety
factor of a 1.1 [19]. Structural members were also added in regions where the structure
experienced a significant amount of stress.
The second lunar lander concept, Cargo Star Horizontal Lander, is a two staged vehicle
that utilizes four LO2/LH2. The Cargo Star
Horizontal Lander was designed to carry a crew of
four and cargo to the Moon’s surface. For this
reason, a large cargo bay was placed in the descent
stage of the vehicle along with the vehicles
propulsion system and tanks [19]. The ascent stage
Figure 8. Cargo Star Horizontal Lander [19]

utilizes a separate hypergolic propulsion system and
contained pilot and mission specialist stations for the crew members. An Aluminum-Lithium
2195 load bearing shell and supporting structural members were implemented to the main
structure in order for the vehicle to be able withstand the high loads observed during the launch
and descent stages [19]. Unlike the DASH lander, the Cargo Star Horizontal Lander observes
high loads in both its axial and longitudinal axis. This is due to the vehicle being loaded in the
vertical direction on the Ares V during launch, while at the same time experiencing high loads
during the Moon descent stage when the vehicle would be in the horizontal orientation [19].
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Consequently, large load bearing structural members were placed in the longitudinal axis to
support the propellant tanks and the Surface Habitat. The longitudinal structural members were
reinforced with transverse bulkheads to withstand the axial loads the lander would encounter.
Structural analysis similar to that of the DASH Lander were completed on the Cargo Star
Horizontal Lander. From these analyses it was observed that the high loads observed in both axes
caused the lander to increase in weight by 30% [19].
The structural analysis completed by NASA Langley Research Center allowed the
conceptual designs to be further developed and optimized and provide design ideas that could be
used in future lunar landers.
1.3.3 L1 Lunar Lander
In 2001, a concept to return humans to the Moon’s surface was developed at NASA
Johnson Space Center with the purpose to further explore the Moon’s ice poles and to gain a
better understanding of the Moon’s surface. The concept focused in a Gateway Spacecraft which
would orbit the Moon and would serve as a docking point with a Lunar Transfer Vehicle, which
would be responsible for transferring a crew of four from the International Space Station to the
spacecraft [20, 21]. From the Gateway Spacecraft the L1 lunar lander would be deployed to
complete three day explorations in the surface of the Moon.
In the initial stages of design of the lunar lander, it was determined that the lunar lander
would be composed of a descent and ascent stage similar to that used in the Apollo Lunar
Module. The lander would incorporate a LOX/LCH4 powered propulsion system which would
be made of four main engines capable of providing 5,000 lbm of thrust and an Isp of 363s each
along with 24,500lbf remote control engines responsible for landing the Lunar lander in the
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Moon’s surface [21]. During the ascent stage, the descent stage will be left behind allowing the
main engines along with 24,100lbf RCE engines to take the crew back to the Lunar Transfer
Vehicle.
In conjunction with the propulsion system, the design of the structure of the vehicle was
initiated. Various vehicle configurations were evaluated to determine which would be the most
efficient. A combination of propellant tank shapes and placements were considered with an
attempt to keep height as low as possible. A horizontal vehicle configuration was chosen over a
vertical design due to the stability of the horizontal orientation on lunar surfaces [21]. To
accommodate the horizontal vehicle orientation, the structure of the descent stage was completed
using an I-beam and honeycombed panels. The
flanges of the I-beam were utilized to support the
tanks and the rest of hardware located in the vehicle.
Graphite epoxy panels and tubes were applied as the
structural member to maintain structural weight at a

Figure 9. L1 Lunar Lander Vehicle Design Concept [21]

minimal [21]. The ascent stage of the vehicle was mainly composed of the crew pressure vessel
which was located in the center of the structure. An isotropic material, Al-Li 1095, was chosen
for the pressure vessel due to the materials strength and weight [21]. The structure was designed
to be able to withstand the stresses caused by the engines while the lander accelerates. To include
these loads in the analysis, a load of 6g and 2.5g were incorporated to the axis and the radius of
the vehicle respectively along with a 27Hz vibration load case [21]. The legs of the vehicle were
also evaluated by incorporating the forces the vehicle would observe while being stationary at
the moon’s surface, which consisted of the vehicles weight at the Moon’s atmosphere [21]. By
completing the structural analysis, the benefit of utilizing composite honeycomb structural
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material was not observed and therefore it was suggested that these structural members should be
altered or further optimized.
The design concepts for the L1 lunar lander and Gateway mission developed by NASA
demonstrate the continuous desire to send humans to the Moon once again. Even though the
lunar lander was not manufactured and tested the analysis and design concepts completed for the
L1 lunar lander provide a design that could be incorporated and optimized for future moon and
mars landers.
1.3.4 Mars Lander and Mars Ascent Vehicle
Landing humans in Mars surface has proved to be a daunting task as more powerful and
robust technologies are required. Weight has become one of the driving requirements during the
design stage. A Mars lander is being developed by NASA, to deliver an 18 to 27-ton cargo and
crew to Mars surface aboard the Space Launch System (SLS) launch vehicle. Similar to
previous landers, the Mars lander being designed has an entry stage, a Mars Descent Module,
and an incorporated payload and Mars Ascent Vehicle (MAV) module [22].
The MAV will be responsible for carrying the
crew and cargo back to the Mars-Earth vehicle. Hence,
the MAV was designed to have two stages in which the
first stage contains four 100kN LOX/LCH4 main engines
as well as a set of LO2/LCH4 tanks. The second stage has
a single 100 kN LO2/LCH4 and 16 445N RCS thrusters

Figure 10. MARS Lander [23]

which houses the crew, thermal radiators, and main propulsion system [23]. The structure of the
MAV is mainly composed of a composite cabin were the crew is located, structural analysis was
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completed on the cabin to size the structural members. During the structural analysis, launch,
entry, descent, landing, and ascent loads in the lateral and axial directions were completed
utilizing finite element analysis (FEA) software. Upon completion of the analysis the mass of
the structure of the MAV was increased by 25% [23].
Apart from the MAV the other major component of the landers structure is the Mars
Descent Module (MDM). The design of the main structure of the Mars Descent Module has a
flat deck in the cylindrical form. This design was incorporated to provide efficient packing of the
propulsion system and landing gear located in this stage. The structure was designed to be able to
withstand the entry, descent, and landing loads experienced by the vehicle with the combination
of a Hypersonic Inflatable Aerodynamic Decelerator (HIAD) [23].
The preliminary design of the Mars Lander and MAV will be capable of delivering up to
27 tons of payload to the Mars surface. Further studies are being developed by NASA to
optimize the design and explore various entry systems that could be incorporated to the lander to
decrease the magnitude of the loads observed during entry to Mars atmosphere.
1.3.5 Morpheus: Vehicle Design
The Morpheus vehicle was composed of two liquid oxygen and two liquid methane
propellants tanks capable of carrying up to 2,100 lbs of propellant [10]. The vehicle contained
technologies that allow the propellant tanks to be pressurized using either a helium pressurized
system or a blow down system. A navigation and control system was located in the vehicle to
control the gimbaling of the main engine, which was responsible for controlling the pitch and
yaw of the vehicle [9]. The Morpheus vehicle also incorporated an autonomous landing system
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that was capable of detecting dangers or hazards in the surfaces that the vehicle plans to land on
[9].
In order to support the two liquid oxygen and two liquid methane tanks, the primary
structure of the Morpheus vehicle was designed to contain a square shaped base. Most of the
Morpheus structure was manufactured using aluminum square beams in conjunction with
aluminum plates [9]. The propellant tanks were placed in the corners of the square base with the
liquid methane and liquid oxygen tanks placed diagonally from each other. A square structure
was also implemented in the center of the vehicle to hold the navigation guidance and control
hardware [9].
Morpheus underwent three distinct levels of
testing to ensure the vehicle’s capabilities with an
integrated propulsion and software system. The first set of
tests were hot-fire tests which main purpose was to initiate
fire sequence for the main engine utilizing the control
software [9]. After several attempts, successful ignition
was obtained and tethered testing of the vehicle was
initiated. Tethered testing allowed the opportunity for the
navigation and control (GNC) system to be tested as the
vehicle was suspended safely from a crane ensuring that

Figure 11. Morpheus Tethered Testing [9]

total loss of the vehicle will not occur. While tethered testing was being conducted an error
occurred in the control system causing the vehicle to abort the flight sequence [9]. Subsequent
tethered flights demonstrated the vehicles ability to hover for 32 seconds with minimal pitch and
yaw corrections. In 2012 free flight testing of the vehicle began at Kennedy Space Center (KSC)
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were an area of the lunar surface was constructed. During the second free flight attempt, the
Morpheus vehicle lost signal with its control system causing most of the vehicle to be lost except
for the main engine injector and other minor components [9]. After the loss of the vehicle, a
second Morpheus vehicle was manufactured with enhanced components. This vehicle also went
through hot-fire tests like its predecessor, but the tethered tests were more extraneous to replicate
more complicated flight profiles. In 2014 free-flight testing of the vehicle with autonomous
landing was tested at KSC. The free-flight tests at KSC were successful with the autonomous
landing software landing the vehicle safely away from hazardous surfaces [9].
The free flight tests completed at KSC demonstrated the integrity of the LOX/LCH4
propulsion system and autonomous landing technology. Allowing the Morpheus vertical test bed
to be one of the first vehicles to demonstrate free flight of an integrated LOX/LCH4 propulsion
system. Since 2014, subsequent projects have been completed in the test bed to further advance
LOX/LCH4 technologies.
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Chapter 2: Methodology
To initiate the design of the structure, the instrumentation and engine capabilities have to be
established. The performance of the main engine will dictate the maximum weight of the vehicle,
while the instrumentation will add constraints to the vehicle dimensions. This section will give a
brief overview of the instrumentation and main systems that will have to be interfaced with the
structure. The design process of the structural design of the vehicle is also included.
2.1 JANUS DESIGN PROCESS
The robotic lander, JANUS, is being designed and tested at UTEP with an estimated completion
date of 2020. JANUS will contain an integrated liquid oxygen and liquid methane system. The
propulsion system will contain a main engine and four reaction control engines (RCE). A
gimbaling system will also be incorporated to Janus to control the pitch and yaw of the vehicle.
The project spans 5 years and will consist of three major vehicle phases. During each phase a
prototype of the robotic lander will be manufactured and tested which will serve to ensure the
viability of Janus.
The first step in the design process of JANUS will focus in the development of the
propulsion system and structure. The first prototype, J-1, will be developed to test the
performance and integrity of the propulsion system. Hot-fire tests of the CROME-X, the engine
used on JANUS, will be completed in conjunction with structural testing to ensure the structure’s
reliability. J-1 will contain thrust measuring capabilities to be able to measure the thrust of the
main engine. The main structure of the vehicle during J-1 will closely resemble that of the flight
vehicle (J-3) in order to obtain data on the integrity of the structural members when exposed to
the main engine’s vibrations. During J-1, the RCS thrusters will also be incorporated to the
vehicle and hot-fire test of both the RCS engines and the main engine will be completed. The
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data obtained will allow modifications to be made in both the main engine and structure. J-1 will
highlight the improvements needed to be made to make the next iteration of the vehicle
successful.
The second prototype, J-2, will contain the modifications required after hot-fire testing
of J-1. This stage will incorporate a flight-like structure which will be significantly lighter than J1 and will also initiate the design of the flight hardware required by JANUS to complete its
mission. Partial components of the guidance and control system will also be incorporated to the
vehicle. After finalizing the design for J-2, tethered testing will be conducted on the vehicle in
order to demonstrate the vehicle’s flight capabilities, while ensuring that total loss of the vehicle
will not occur. Tethered testing will allow the opportunity to test the gimbaling system’s control
and vehicle’s dynamic integrity [3]. Similar to the previous phase, modifications as required will
be made to J-2 to prepare the vehicle for free flight testing.
The final phase of the project will focus in the integration of an autonomous control system
to the robotic lander. The autonomous control will be integrated with a gimbaling system which
will be responsible for maintaining the vehicle in flight. J-2 will also incorporate a solid oxide fuel
cell (SOFC) which will be utilized to power the robotic lander. Free flight of the vehicle will be
conducted at the Technology Research and Innovation Acceleration Park (tRIAC), UTEP’s Fabens
facility, in which the integrated propulsion and autonomous controls will function together
effectively. Upon completion of a successful flight mission, JANUS will demonstrate the
reliability and performance capabilities of an integrated liquid oxygen/liquid methane propulsion
system and autonomous control.
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J-1

J-2

J-3

Figure 12. Janus Design Process: (1) Static Test, (2) Thethered Testing, (3) Free-Flight

2.2 JANUS MISSION OVERVIEW
The flight mission profile of the vehicle plays a vital part during the design stages of J-2
and J-3 as it dictates the required amounts of propellant needed to be carried as payload to ensure
a successful flight. The flight mission developed comprises of a mission profile in which the
vehicle ascends 20ft of the ground, hovers, completes a roll maneuver 20ft of the ground, and
continues to finish the mission with a soft landing. These mission maneuvers were selected in
order to effectively demonstrate the robotic lander’s propulsion and dynamic control systems.
The first stage of the mission of the robotic lander will consist of the ascent stage in
which the vehicle will soar up to about 20 ft. above the ground. The ascent of the vehicle will be
completed in two distinct phases. The vehicle will first lift off the ground at a velocity of 7.4 ft/s
for a total of 2.7s. During this time the vehicle’s main engine will exert a net thrust of 100 lbf to
allow the vehicle to lift off the ground. The second phase of the ascent stage will consist of the
deceleration of the vehicle to prepare the robotic lander for the next step of the mission. After
accelerating 10 ft off the ground the vehicle will begin to deaccelerate at 2.8 ft/s2 for 2.7s. During
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this stage, the vehicle’s main engine will be exerting a net thrust of -100lbf as the robotic lander
reaches its maximum height of 20 ft of the ground.
At the height of 20ft the robotic lander will hover for 10s. During the hover maneuver,
the main engine will be exerting a force equal to that of the vehicles weight. While hovering, the
robotic lander will complete a roll maneuver. The roll maneuver of the vehicle will be completed
by utilizing the four remote control engines. When the roll maneuver is initiated, the four RCS
thrusters will be fired. A set of the RCS thrusters will exert a total thrust 10lbf in the positive
direction, while the other set of thruster will exert the same total force of 10lbf in the opposite
direction. This set of firing will cause a coupled moment that will permit Janus to initiate the roll
sequence 20ft above the ground. The roll maneuver will be completed one time after which the
vehicle will initiate the descent stage.
Alike the ascent stage, the descent stage will be composed of two phases. Upon
completion of the roll maneuver, the descent of the vehicle will commence. The main engine will
throttle back to a net thrust of 44.3lbf which will allow the vehicle to deaccelerate at 1.2ft/s2 until
the vehicle is one feet off the ground. Once the vehicle reaches a height of 1 foot above the
ground, the main engine will turn off and the vehicle will complete a soft landing. The two
phases of the descent stage will last a total of 5.7s.
The mission is estimated to last a total of 21.1s. Subsequent mission profiles can be
completed once the tanks are resupplied with propellant and pressurized gas. The mission’s main
objective is to demonstrate the main engine’s ability to throttle effectively. As well as, the RCS
capabilities. The engine thrust described in the mission profile will be utilized in the future
sections to size the vehicle’s propellant and pressurant tanks.
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Figure 13. J-3 Mission Profile: (1) Ascent, (2) Hover, (3) Descent

2.3 PROPULSION SYSTEM DESIGN OVERVIEW
The propulsion system is an integral section in the design process of the robotic lander as
it will dictate the maximum weight of the vehicle and will make it possible for Janus to complete
its desired mission profile. The propulsion system being developed integrates the RCS thrusters
with the main engine. The integrated propulsion system will decrease the overall weight of the
robotic lander and reduces the complexity of the system. To integrate the propulsion system, the
RCS and main engine’s propellant will be supplied from the same feed lines and tanks
eliminating the need for separate tanks for the RCS thrusters. In the following section, the
propulsion system of the robotic lander will be discussed more in depth.
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2.3.1 CROME-X Main Engine Specifications
A liquid oxygen/liquid methane rocket engine is being designed by the main engine team
for JANUS. The main engine known as CROME-X, began development in 2015 and is in the
final design stage. Manufacturing of the main engine and procurement of hardware and electrical
components will be initiated by the end of 2016 with a hot-fire test campaign taking place in
2017.
The main engine, CROME X, is composed of an Inconel 625 chamber and conical
nozzle. Inconel 625 was chosen as the main engine’s material due to the material’s high thermal
and strength properties. The engine will supply a maximum thrust of 2,000lbf and a minimum
specific impulse (Isp) of 230s. During the mission profile, the thrust of the main engine will need
to adjust depending on the maneuver the vehicle is required to complete. Therefore, the engine
will have the capability to throttle at a 4:1 ratio. This would allow the thrust of the main engine
to range from 500lbf to 2,000lbf. In order for the main engine to exert that range of thrust, the
pressure in the chamber is being designed to range from 80 to 260 psia. The design of the robotic
lander requires for both propellants to be of equal size and volume. Maintaining these parameters
constant is important because it would allow better stability of the robotic lander. The CROMEX engine also incorporates a swirl torch igniter which was previously developed at the Center for
Space Exploration and Technology Research (cSTER) at the University of Texas at El Paso [24].
Further specifications of the main engine are listed in Table 1.
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Table 1. CROME X Engine Parameters

Parameter

Value

Thrust

2000 – 500 lbf

Chamber Pressure

260 – 80 psia

Isp, nominal

250 – 200 s

Weight Flow Rate

8 – 2.5 lbf/s

Mixture Ratio (MR)

2.7 ± 5%

Operational Environment

Sea Level

Inlet Pressures
Burn Time
Nozzle Expansion Ratio

312 psia
Steady State
4

Two different types of Inconel 625 injectors are being developed for the CROME-X
engine. The pintle injector contains a radial port which injects the liquid methane, while the
annular port injects the liquid oxygen. It also incorporates a set of ports which allow liquid
methane to film cool the rest of the engine. The pintle injector was chosen over other existing
injector designs due the injector’s ability to ensure a balanced distribution and mixture of the
propellants [25]. Consequently, allowing a stable combustion to occur during engine ignition
[25]. A shear co-axial injector was also developed for the CROME- X engine [25]. Unlike the
pintle injector, the shear co-axial injector provides higher engine performance when the
propellants are in the gas-liquid phase [25]. Making the shear co-axial injector a good alternative
in the instance that the methane reaches the injection point at the gaseous stage after having film
cooled the engine [25]. Water testing will be completed on both engine injectors to view the
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spray characteristics of the injectors. Upon completion of the CROME-X engine hot-fire testing
will be completed to obtain the engine’s characteristics and performance capabilities.

Figure 14. Pintle and Shear Co-Axial Injector [25]

2.4 INSTRUMENTATION
When completing the structural design for J-1, J-2, and J-3 the instrumentation that will
be utilized in each prototype has to be considered to ensure that sufficient space is provided to
place all the hardware in the vehicle. There are minimal changes in the instrumentation that will
be incorporated in J-1, J-2 and J-3. The major changes in instrumentation between the three
prototypes consist in the removal of flowmeters for J-2 and J-3 and the incorporation of flight
hardware for J-2 and J-3. Table 2 below tabulates the instrumentation that will be incorporated in
the J-1 prototype. A further detailed instrumentation list can be found in the appendix section of
the thesis.
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Table 2. Instrumentation for

J-1

Instrumentation

Quantity
13

Pressure Transducers
Drain Valves

2

Flow Meters

6

Filters

4

Shutoff Valve

6

Relief Valve

2

Thermocouple

14

Bleed Valve

4

Fill Valve

2

Source Valve

2

Check Valve

4

Pressure Regulator

2

2.5 STRUCTURE DESIGN
The structure of the vehicle is an important part of the design process since it will provide
the framework and support for the other main systems. The structure will experience a variety of
loads during the liftoff, hover maneuver, and landing stages of the mission. Thus, the structure
has to be able to withstand forces above 2,000lbf while at the same time has to remain
lightweight. The initial stages of the structural design focused in the development and
optimization of the vehicle’s structure for the flight vehicle, J-3. The design of J-3 was vital since
it would determine the final structural design for J-1. The main goal of J-1 is to closely resemble
the flight vehicle so that data can be obtained on the behavior of the structure during hot-fire
testing of the main engine.
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2.5.1 J-3 Structural Design
Various design concepts were developed for J-3 to evaluate which structure design would
meet all the vehicle requirements. The variety of design concepts established sought to decrease
the overall weight of the vehicle, while at the same time increasing the vehicle’s
maneuverability. These two aspects became the leading requirement when deciding the best
structure for the vehicle. The following section will highlight the various designs that were
developed for the structure for J-3.
2.5.1.1 Structure Design Requirements
To initiate the development of the structure for J-3, the design requirements document for
the vehicle’s structure was first established. The structure of the vehicle will experience a variety
of loads during the mission. During liftoff, the J-3 vehicle has to be capable of withstanding a
20g force which will account for the 2,000lbf thrust load and vibration loads exerted by the main
engine during initial firing. The J-3 vehicle will also experience wind and lateral loads. Hence,
the structural members of the vehicle frame will have to be cable of tolerating lateral loads up to
5g’s. As described in the Janus mission profile, once the vehicle reaches its maximum height of
20ft, the remote control engines will fire. Consequently, the J-3 structure was designed to
withstand the 20lbf in the vertical members located in each side of the structure.
After finalizing the roll maneuver, the vehicle will complete a soft landing. During the
landing, the landing gear and the vehicle will be required to withstand 20g’s of vertical loading.
This loading would serve as the worst case scenario in which the main engine fails at a higher
altitude than 20ft. Three different landing scenarios were considered when completing the
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design process. These included landing on all four legs simultaneously, two leg landing, and one
leg landing. During one leg landing, severe damage to the landing gear and frame was expected.
The vehicle will experience subsequent loads during the assembly stage of the vehicle.
Vehicle handling loads were considered when completing the analysis of the structure. To be
able to withstand the forces experienced by the structure when lifting and moving the vehicle, a
2g load was applied in the two hinge points located in the top of the vehicle frame. Apart from
the loads experienced by the vehicle, the main engine will have the capability to exert a thrust
that ranges from 2,000lbf to 500lbf. For this reason, the weight of the vehicle has to be
maintained below 2,000lbf and no less than 500lbf. These requirements were utilized to dictate
the design for the different vehicle structure concepts.
2.5.1.2 Structure Concept Designs
To initiate the development of the structure for J-3, the design requirements document for
the vehicle’s structure was first established. The structure of the vehicle will experience a variety
of loads during the mission. During liftoff, the J-3 vehicle has to be capable of withstanding a
20g force which will account for the 2,000lbf thrust load and vibration loads exerted by the main
engine during initial firing. The J-3 vehicle will also experience wind and lateral loads. Hence,
the structural members of the vehicle frame will have to be cable of tolerating lateral loads up to
5g’s. As described in the Janus mission profile, once the vehicle reaches its maximum height of
20ft, the remote control engines will fire. Consequently, the J-3 structure was designed to
withstand the 20lbf in the vertical members located in each side of the structure.
After finalizing the roll maneuver, the vehicle will complete a soft landing. During the
landing, the landing gear and the vehicle will be required to withstand 20g’s of vertical loading.
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This loading would serve as the worst case scenario in which the main engine fails at a higher
altitude than 20ft. Three different landing scenarios were considered when completing the
design process. These included landing on all four legs simultaneously, two leg landing, and one
leg landing. During one leg landing, severe damage to the landing gear and frame was expected.
The vehicle will experience subsequent loads during the assembly stage of the vehicle.
Vehicle handling loads were considered when completing the analysis of the structure. To be
able to withstand the forces experienced by the structure when lifting and moving the vehicle, a
2g load was applied in the two hinge points located in the top of the vehicle frame. Apart from
the loads experienced by the vehicle, the main engine will have the capability to exert a thrust
that ranges from 2,000lbf to 500lbf. For this reason, the weight of the vehicle has to be
maintained below 2,000lbf and no less than 500lbf. These requirements were utilized to dictate
the design for the different vehicle structure concepts.
2.5.1.3 Snowman Structural Design
The first set of structure concepts of J-3 focused in using two spherical propellant tanks
of the same diameter and wall thickness and another smaller pressurant tank. The two propellant
and pressurant tanks would be positioned on top of the other. The structure would also contain a
small area for the battery, guidance and control, and the data acquisition systems. Two different
iterations of this design concept was developed.
The first concept for the structure of J-3 focused on creating a vehicle design based on
two existing spherical propellant tanks which could be donated to the university from NASA
Johnson Space Center. These donated tanks have already undergone substantial testing and had
been used in previous successful vehicle flights. The tanks had an outer diameter of 48in with a
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wall thickness of 0.25in. The tanks also contained a jacket of Aerogel insulation to conserve the
cryogenic propellants at their liquid phase. Lower and upper bosses with four different sanitary
fittings were positioned in the tanks to allow filling and draining of the tanks. The bottom boss
will contain a flange which will mate with a similar flange welded to the structure. These tanks
were oversized for the mission but a significant reduction in risk and cost was observed. Hence, a
structural design based on these tanks was constructed.

Figure 15. Snowman: Morpheus Tanks

The tank configuration consisted in placing the liquid oxygen tank at the bottom of the
structure. This was due to the liquid oxygen tank being the heaviest weighing 517lbm once the
liquid oxidizer was added to the tank. On top of the liquid oxygen tank, the methane tank was
placed. The helium tank, even though was the heaviest tank, contained a small amount of
I

gaseous helium. Making significantly lighter than the oxidizer and fuel tanks with an overall
weight of 287lbm. Hence, the helium tank was placed at the top of the structure. A small slot was
also added below the liquid oxygen tank to place any payload or electronics that the vehicle was
required to carry. A 52in by 52in cubic structure was chosen to support all the components of the
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vehicle. A cubic structure was chosen over other structure shapes because it would facilitate the
manufacturing and assembling process of the vehicle.
To initiate the design of the frame of the vehicle, the type and material of the structural
member had to be established. Aluminum 6061-T6 square tubes were chosen as the structural
members for the frame due to its ability to withstand bending and torsion in the x and y plane.
Beam bending analysis was completed on sections of the structure to obtain the preliminary size
of the beams that would be utilized for the frame.

Figure 16. Snowman: Customized Tanks

The concept design for the landing gear was developed in conjunction with the frame of
the vehicle. The landing gear concept was derived from the cantilever leg design that was
utilized in the lunar module. The landing gear is composed of three major trusses. A set of
circular tubes form an equilateral triangle and attach to the bottom frame of the structure, while a
diagonal truss connects the ‘V’ shape frame to the center of the structure. Four legs were placed
in the structure for stability. The initial design does not include a suspension system, but future
studies will be completed to determine the type of suspension or crush pads that will be utilized
for J-3.
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The second design concept utilized a similar tank configuration and placement as the first
design that was developed, but with smaller sized tanks. For the second concept, the tanks were
sized for the mission profile which caused the structure to become a smaller vehicle. The robotic
lander would utilize 20in spherical tanks with a wall thickness of 0.125in for the propellants and
a 22in spherical pressurant tank with a wall thickness of 0.82in. Similar to the other concept a 1
ft2 area under the liquid oxygen tank was left for the electronics of the vehicle. 2 by 2 by 0.125in
aluminum 6061-T6 square tubing were utilized for the frame of the vehicle. The landing gear
was also scaled down to accommodate the smaller structure. Further finite element analysis
(FEA) was completed to both structures to size the beams more accurately and obtain the
structures final weight and dimensions.
2.5.1.4 Spider Design
This design was considered in order to bring the center of gravity and the moment of inertia
lower than with the snowman design, three different concepts which incorporated a distinct tank
configuration was designed. The design incorporated the use of two propellant tanks of the same
size, a larger propellant tank and a pressurant tank. The larger propellant tank would hold the liquid
oxygen and would be placed in the middle of the two smaller liquid methane propellant tanks. To
keep the vehicle balanced, the two liquid methane tanks would maintain the exit mass flowrate
equal. Three different designs which incorporated this tank placement were considered.
The first concepts integrated the use of 3 spherical propellant tanks and 1 spherical
pressurant tank. The liquid methane tanks have a diameter of 20in with a wall thickness of 0.125in,
while the larger liquid oxygen tank has a diameter of 22in with a wall thickness of 0.125in. The
helium tank for this system stayed the same as the one described in the previous section. A
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rectangular shaped structure was chosen to keep the structure compact. Two by two aluminum
6061-T6 square tubes with a thickness of 0.125in were utilized for the structural members of the
main frame while circular tubes were utilized for the landing gear. This design incorporates the
same landing gear as the one depicted in the previous concepts. In this particular design the
guidance and control, data acquisition system, and other electrical hardware would need to be
placed on top of the structure.

Figure 17. Spider: Spherical Tanks

Using a similar tank placement as above, another iteration of the vehicle’s structure was
completed. The new design replaces the spherical propellant tanks with cylindrical tanks with
hemispherical ends. The cylindrical tanks were incorporated because even though they have a
lower weight to volume ratio when compared to spherical tanks, they cost less to manufacture and
can often be easier to find commercially. A 50in high cylindrical structure was designed around
the tank. The height of the structure was dictated by the height of the larger liquid oxygen tank
which had a height of 40in. The two 15in diameter fuel tanks with a wall thickness of 0.25in were
placed in either ends of the oxidizer tank. Similar to the previous designs, lower and upper bosses
would be welded to the both ends of the propellants tanks. To support the tanks, both bosses will
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have an incorporated flange which would mate with a flange welded to a supporting structural
member in the frame. The same helium tank as in the previous tank design, would be placed on
top of a circular base. The first iteration of the concept, incorporates the use of square beams for
the support of the two larger 72in diameter circular bases and the smaller 52in circular frame of
the helium tank. The landing gear for this vehicle design would be similar to the designs developed
in the previous sections.

Figure 18. Spider. Cylindrical Vertical Tanks

A second concept was created using the same tank configuration as the previously
discussed designs. The new concept utilized the same 20in and 15in cylindrical tanks with
hemispherical ends for the oxidizer and fuel. The tank orientation was modified by 90 degrees so
that the tanks were positioned horizontally instead of vertically. This would allow the height of the
vehicle to decrease from 7ft to 5ft. Hence, decreasing the center of gravity of vehicle and in concept
improving the stability of the system. Similar to the previous structure, the tanks would contain
bosses with integrated flanges in both ends of tanks for interfacing with the structure. Additional
bosses to supply propellant to the main engine would have to be incorporated at the center of tank
to provide continuous propellant supply. The frame design would be composed of two 60in by
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48in bases supported by aluminum 6061 square tubes. A smaller 42in by 40in square base was
added to protect the helium tank from any debris during flight. FEA analysis was completed on
the three different concepts of the vehicle in which final weight and dimensions were obtained.
One of the three concepts will be placed in the decision matrix in which the best design will be
selected.

Figure 19. Spider: Horizontal Cylindrical Tanks

2.5.1.5 Miniature Morpheus
The last design developed was based on the vertical test bed Morpheus, but was scaled
down by a factor of 2. The concept incorporates the use of four propellant tanks of the same
diameter and a pressurant tank. The advantage of using four propellant tanks instead of two is
that it provides the opportunity to place the tanks in a horizontal manner, while at the same time
maintaining the vehicle stability. To make this possible two oxidizer tanks would be placed in
the opposite of each other and the same pattern would be adapted for the tanks. To keep the
vehicle balanced during flight, the two oxidizer and fuel tanks will have to keep the mass flow
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rate constant so that the same amount of oxidizer and fuel in both tanks are exiting at the same
rate.
Based on the flight mission for the vehicle, the volume of propellant required was
obtained and the four propellant tanks were sized. The miniature Morpheus configuration was
designed to contain four 20in diameter spherical tanks with a wall thickness of 0.125in. A 23in
diameter spherical tank with a wall thickness of 0.25in will be utilized as the pressurant tank and
will be placed be held from the upper boss by a flange. The mating flange will be welded to a 4
by 4ft frame. The other tanks will also contain bosses in both ends with four ports which will be
utilized to fill and drain the tanks. The tanks will be supported by a 6 by 6ft base in which the
mating flange will be positioned at each end of the square. The data acquisition and control
hardware would be positioned on top of the vehicle and bolted into the smaller square base. A
similar landing gear as the other concepts would be utilized for this design.

Figure 20. Miniature Morpheus
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2.6 TRADE STUDIES

After developing the 6 different structural concepts, a decision matrix was completed to
evaluate each designs performance in a series of categories. To obtain the most adequate vehicle
design, each design was analyzed due to the structures’ maneuverability, weight, cost, and
manufacturability. These parameters were some of the leading vehicle requirements that were
considered through the initial design process for the structure and greatly influenced the
development of each concept. Each design was rated utilizing a scale from -2 to 2 in which -2 was
very poor and 2 was excellent. After each concept was rated at each category, the points were
tallied and the design that received the highest score was chosen as the design for the Janus vehicle.
To obtain an accurate weight estimation of the vehicle a series of FEA analysis was completed on
each concept to size the structural members and to evaluate the structural integrity of the vehicle.
The set-up and results of the FEA analysis will be discussed more in depth in the following section.
Table 3. Trade Study Design Matrix
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Chapter 3: Analysis and Results
3.1 LOADING CASES DESCRIPTION
In order to complete the Finite Element Analysis (FEA) of each concept design, the load
cases that are going to be implemented in the model had to be defined. Each load case depicts the
various forces or loads that the vehicle will encounter during lift-off, flight, and landing. To
ensure that the vehicle will not fail under these loads, two different safety factors were
implemented to each of the structures. A safety factor of 2.0, based on the yield strength of the
material, was implemented to vital components. Vital components included those in which if
those parts failed catastrophic results would occur. These vital components include, the vehicle’s
landing gear, tank mount and tank trusses. A safety factor of 1.5, using the same parameter
mentioned previously, was applied to the rest of the vehicle structure. These safety factors were
incorporated in order to maintain the vehicle’s weight at a minimum while at the same time
providing a margin of safety. The same safety factor was maintained throughout the analysis of
the five different vehicle concepts.
The first load case defined considers the engine loads. This load case takes into account
the main engine’s vertical thrust force as well as the engine’s vibrations and acoustic disruptions.
The engine loads will be modeled by a 20g force which will be implemented as a single point
force in the engine’s location. This magnitude is an estimate developed based on the thrust
performance of other engines found in literature. Actual forces and frequencies expected to be
experienced by the structure will be determined once hot-fire testing has been completed for the
CROME-X engine during J-1. During hot-fire testing of the engine thrust measurements will be
obtained through load cells, while the vibration frequencies of the engine will be attained by
accelerometers located throughout the vehicle’s structure. When completing the FEA analysis of
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this load case, the structure of the vehicle should not experiences stresses which exceed the yield
strength of the material and must maintain the 2.0 and 1.5 safety factors through the structure of
the vehicle.
Apart from the engine loads, the vehicle will experience a combination of forces when
completing its flight maneuver. After liftoff, the vehicle will ascent to an altitude of twenty feet
in which the RCS engines will fire to initiate the vehicle’s roll maneuver. For the duration of the
roll maneuver, the vehicle will experience two different types of loads. The first load the vehicle
will be caused by the RCS engines. Each RCE will exert a force of 5 lbf causing two opposite
sides of the vehicle structure to experience a force of 10lbf in each end. The second load the
vehicle will experience during the vehicle maneuver is the vertical thrust force exerted by the
vehicle’s main engine. To allow the vehicle to hover at twenty feet, the vertical thrust force
would be equal to the vehicle’s total weight. The same analysis criteria will be implemented in
this load case as specified in the previous paragraph. For design purposes, the vehicle should
maintain the safety factors specified to yield strength of the material.
Upon completion of its flight profile, the vehicle will initiate the descent stage. During
this time the robotic lander will complete a soft landing. To conduct the analysis of the landing
gear, three distinct vehicle landing scenarios were developed. The first landing scenario consists
of normal landing in which the vehicle completes the soft landing in all four legs. For this
scenario, the 2.0 and 1.5 safety factor to yield strength is preserved throughout the structure. In
the instance that during landing one or more off the vehicle’s legs fail, the undamaged landing
gear is expected to sustain the vehicles weight. During this time, significant stresses are expected
in these areas, but the stresses experienced by the structure during this time should not exceed
the ultimate tensile strength of the material.
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When completing its flight profile the vehicle will also be exposed to lateral loads caused
by wind or other external factors. To take these forces into account, a lateral load case was
developed. Stress analysis was completed on the structure utilizing a 5g lateral case. The
structural members should not see any stresses above the materials yield strength and must
maintain the safety factors specified in the previous load cases. The robotic lander will be moved
to its testing location with a crane. For this reason it is important to analyze the lifting points of
the structure. A 1g load was applied at the two lifting points to mode the reaction forces caused
by the vehicle’s weight. The same criteria as the lateral load case was utilized when completing
the analysis.
The load cases represented in this section will be utilized to complete the FEA analysis of
each structural concept. The analysis criteria was maintained the same for most of the load cases
except for the landing load cases which differs slightly due to the expectation that failure in
certain areas is expected. The following sections describe the methodology utilized to complete
the stress analysis.
3.2 J-3 FEA ANALYSIS
The FEA model for each structural concept was developed utilizing Altair Hypermesh
along with the Optistruct interface located within the software. The main purpose of completing
the finite element analysis was to size the structural members of each concept and to locate areas
of high stress. This would allow the determination of an accurate estimate of the total weight of
the vehicle as well as its moment of inertia in each of the seven different structure concepts
developed. These two criteria were vital in order to determine which of the vehicle concepts
should be adapted to be J-3’s final vehicle design.
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3.2.1 J-3 Geometry
To begin modeling the various structures of each vehicle concept, the geometry had to be
defined in CAD. Once each model was completed, the geometry was imported into the Hypermesh
software where the vehicle was modeled utilizing a combination of 1D and 2D elements. The
following section will describe the steps followed in order to model the geometry of the structure
in Hypermesh.
3.2.1.1 Structure
The structural members of the vehicle’s frame were completed utilizing 1D elements. After
importing the geometry from CAD, the material that would be utilized for the structural
members in the model had to be specified. A material card (MAT1) for Aluminum 6061-T6 was
developed in which the material properties were defined. Table 3 demonstrates the various
material properties that were added to the Hypermesh model.
Table 4. Aluminum properties for material card

Aluminum 6061-T6 Material Properties
Young’s Modulus of Elasticity (E)

10000 ksi

Poisson’s Ratio (ν)
Density (ρ)

0.33
0.0975 lb/ in3

The shear modulus was not specified in the material card for the FEA model since the software
requires to specify either Young’s modulus of elasticity, E, or the shear modulus, G, and
Poisson’s ratio, ν. The missing material property is derived utilizing Eq. (1).
𝐸

𝐺 = 2 (1+𝑣)

(1)

Once the material was defined, the property card for the structural members was added to
the model. The property card described the cross-sectional area of the structural members that
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were going to be utilized in the design. In order to define the structural members, a PBARL card
was implemented in the property card. The PBARL card was utilized since it allowed the cross
section of the structural member to be defined along with its pertaining dimensions. The
structural concepts developed incorporated hollow square tubes for the vehicle structure.
Therefore, a box element was specified in the property card since the box contained the
dimensions required to model the hollow square cross section. The initial model of the structure
for each concept contained the same sized structural member, which consisted of a 2 by 2in
square tube with a wall thickness of 0.125in. These members were utilized for the first model.
After results were obtained, the dimensions of the structural members were modified in order to
optimize the vehicle design. PBARL elements were chosen since, unlike the PBAR elements, the
PBARL card allowed automated computation off the section modulus of the structural members
once the cross-sections were defined [26].
After completing the initial property card, a new component was added to the model so
that the geometry of the vehicle’s structure could be initiated. The main structure of the robotic
lander was completed using only one dimensional elements. Nodes were created based on the
imported geometry and were connected using CBAR elements. CBAR elements were utilized in
the finite element model since the geometry of the vehicle is straight forward. These types of
elements have the ability to demonstrate the bending, torsion, compression and, tension effects
that each structural member experiences during each load case, but lack the ability to model the
warping effect observed in more complex geometries. Different property cards and components
were created to model the engine mounting plate and the main engine. A CBAR element with a
dimeter of 5in was used to connect the engine flange to the rest of the structure. The main engine
was modeled by adding a concentrated mass (CONM2) in the node located in the end on the
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CBAR. The final stick model of the structure of the various concepts are demonstrated in Figure
21.

Figure 21.Geometric models from right to left: Snowman: Using Morpheus Tanks, Snowman: Using Customized
Tanks, Spider: Using Cylindrical Tanks, Spider: Using Spherical Tanks, and Miniature Morpheus

3.2.1.2 Tanks
The propellant and helium tanks of the vehicle underwent a similar modeling process as
the one highlighted above. Material, property, and component cards were created for each
individual tank. One of the main differences when modeling the tanks and the main structure was
that the tanks were modeled utilizing two dimensional elements. Two dimensional elements were
used in the modeling of the tanks because they are thin walled pressure vessels, thus have a small
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wall thickness when compared to the total dimensions of the tanks. The process followed to
model the tanks will be discussed in the following section.
The initial design of the propellant and helium tanks dictated that aluminum 6061 was
going to be utilized to manufacture the tanks. Since the same material is implemented in the
three tanks one material card was created for the tanks. The following material properties were
inputted into the material card for aluminum 6061.
Once the material properties were specified, a property card for the liquid oxygen, liquid
methane, and helium gas tanks were created. Since the tanks were modeled using 2D elements,
shell elements had to be specified in the property card along with the thickness of the shells. A
shell thickness of 0.125in was used for the propellant tanks, while a larger shell thickness of
0.82in was specified for the helium tank. The thickness of the shell element was prescribed based
on the hoop stress calculations completed during the tanks’ design process. As expected, the
helium tank had a larger wall thickness due to its ability to sustain a pressure of 4,000 psi.
Upon the completion of the material and property cards, the geometry of the tanks were
created. A mid surface was generated from the tanks’ original
CAD model in order to convert the model from 3D to a 2D plane.
The mid surfaces of the propellant and helium tanks were created
in a component labeled ‘mid surfaces’. Subsequent components
were created for the liquid oxygen, liquid methane, and helium
tanks and labeled accordingly. The mid surfaces created for each

Figure 8. Liquid Oxygen Tank Mesh

tank were moved to its pertaining component utilizing the organize tool found in the Hypermesh
software. A mesh was created utilizing the automesh feature for the 2-D elements with an
element size of 0.5. The mesh was generated using a mixture of quad and trias elements since
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this mode can often create a better developed mesh which consequently yields better results
during the analysis stage [27].
In order to connect the 2D model of the tanks to the main structure, a different
component for connectors was created. A new property was
added to the model to generate a CBAR element with a rod
cross section to simulate the flange that connects the propellant
and helium tanks to the rest of the structure. The rod element
contained was 5in diameter and was joined to the propellant and
helium tanks with RBE3 connectors. The RBE 3 elements
utilized in the model are responsible for distributing the weight
of the tank to the rest of the structure through a series of

Figure 9. Liquid Oxygen Tank with Tank Flange
and RBE3 connectors

independent nodes defined at the tank’s mesh. The propellant and pressurant weight for each
tank was added to each model by placing a concentrated mass (CONM2) node in the center of
each tank. The concentrated mas was connected to the tank’s mesh utilizing RBE3 connectors.
The same process was followed for each tanks.
Apart from the structure and tanks, the vehicle will carry other propulsion and electrical
hardware which need to be added to the model to be able to obtain an accurate weight of the
vehicle. To implement the weight of the hardware in the vehicle, point masses were added to the
model in the location were this hardware was going to be placed. Two different sets of thrusters
were mounted in two different ends of the structure frame, while the guidance and control system
along with the data acquisition system were placed in the top and bottom of the structure
depending on the concept for which the stress analysis was being completed. A weight budget
will be discussed in the following sections.
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3.2.1.3 Landing Gear
The main purpose of the finite element model created for each concept was to size and
optimize the structures. Hence, the landing gear for each set-up was simplified to be a spring
mass model which would be utilized to set a range of acceptable spring constants. These spring
constants will be taken into consideration when designing the suspension or crush pads for the
landing gear.
In order to initiate the modeling of the landing gear
the material and property card for the spring was created. A
PELAS element was specified in the property card to
indicate the spring constant. An initial spring constant of
200 lbf/in was assumed for the spring. This value estimation
was based on existing suspension system that were

Figure 22. 1D Landing Gear

encountered. After specifying the property card for the landing gear, a component for the springs
and another for the masses were created. A set of nodes were placed in each corner of the
structure and a concentrated mass (CONM2) of 40lbf was placed in the top corner of each of the
four legs created for each vehicle concept. The concentrated mass was placed in the model in
order to simulate the landing gear weight accurately as demonstrated in Figure 10.
3.2.2. Weight Budget
Weight budget estimates were created for the different design concepts developed. These
weight budget estimates were utilized to size each of the vehicle’s tanks and dictated the values
that were going to be used for the various concentrated masses that were added to the models.
The propellant masses were kept the same for the cylindrical and spherical tanks since similar
weights were expected for the three vehicles. Therefore these masses are not highlighted in the
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table below. The tables below provides a quick summary of the weight assumption that were
made for each vehicle when creating the finite element analysis model.
Table 5. Propellant Weight Budget

Design Concept

Liquid Oxygen
(lbm)
416

Liquid Methane
(lbm)
220

Helium
(lbm)
47

Custom Snowman

211

112

14

Mini Morpheus

139

109

10

Spider: Spherical Tanks

139

109

10

Morpheus Snowman

The masses assumed for the electrical hardware, GNC system, and the propellant systems were
kept the same for all the design concepts. The table below provides an overview of all the masses
that were added to the finite element model as point masses.
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Table 6. Weight Budget

Component

Weight (lbm)
Power

Fuel Cell (SOFC)

50

Guidance and Control (GNC)

50
Valves

Main Engine

30

Igniter

10

RCS

80
Propulsion

Main Engine

50

RCS

40
Structure

Landing Gear

160

3.2.3 Load Cases
Once the geometric model of each concept was finalized, the different load cases were
added to the finite element model. In order to set-up each load case, the boundary conditions had
to be specified. The boundary conditions inputted in the model are composed of constraints and
loads which were created in the load collector section found in the Hypermesh software. The
following section describes the process that was completed to model each load case.
3.2.3.1 Model Validation and Modal Analysis
Apart from the seven load cases described in the previous section a model validation and modal
analysis was completed on the model. A model validation load case and modal analysis was
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completed in order to ensure that the model was working correctly. In the case of the model
validation load case, by displacing the geometry 1D elements that are not connected together or
any lingering node can be identified and modified. The modal analysis also aids in the
identification of those elements, but at the same time allows the determination of the natural
frequencies of the system. The natural frequencies calculated in the modal analysis aids in the
prevention of resonance occurring in the subsequent load cases or during dynamic loading.
The model validation was added to the load collector first. To complete the load case, a
displacement was added to the geometry. The displacement of the geometry was incorporated
through the addition of a single point constraint (SPC’s) in the center node located in the top
section of the frame. The SPC is responsible for fixing the desired degrees of freedom of the
selected node in the structure. In order to complete the model validation, the center node located
in the top of the structure was constraint in all degrees of freedom with the exception of the ydirection in which a displacement of one unit was incorporated into the single point constraint.
After the SPC was incorporated to the system, a load step which indicates the load and constraint
for the specific load case was created. The load step was then run utilizing the integrated
Optistruct software in which the results for the Von Misses stresses were observed to ensure that
the stresses were close to zero as expected.
Once the model validation was completed the Modal Analysis was incorporated into the
model. An EIGRL card was added to the load collector in which the range of frequencies desired
to be analyzed were specified along with the number frequencies. These values were utilized by
the software to complete the eigenvalue analysis which yields the natural frequencies of the
system [28].The software employs the Lanczos method to calculate the natural frequencies from
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the eigen equation shown below [28]. In which K is the stiffness matrix, 𝜔 the natural frequency,
M the mass matrix and ф the eigenvector mode shape [28].
[𝐾 − 𝜔𝑖 2 𝑀]{ф𝑖 } = 0

[2]

Once the EIGRL card was complete, the load step was created in which the EIGRL card was
specified under the method section found in the load step. The modal analysis was then ran using
the Optistruct software.
3.2.3.2 Vertical Load Case
After ensuring that the model was working correctly, the load cases to size the structural
members were incorporated to the FEA. The engine loads were added first to the model as these
are the largest magnitude loads which the engine will experience.
To define the load case, the constraints of the system had be
specified. Since it is assumed that the vehicle will lift off and be in
flight when the vehicle experiences these forces, inertia relief analysis
was incorporated to the model. Inertia relief analysis allows
geometries without constraints to be analyzed. To complete the
analysis, the software automatically balances the mass of the
geometries so that they to oppose the loads being applied. Hence,
allowing the geometry to be in a static equilibrium. The software
provides two options to utilize while using inertia relief analysis:
manual (-1) and automatic (-2) [26]. In the manual setting, supports
need to be added to the geometry to describe the motion of the
system. While in the automatic setting, the reference frame is chosen
by the program in which the constraints are automatically distributed
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Figure 23 Thrust point force on
model.

in all the nodes containing a mass value [27]. In order to complete the inertia relief analysis, a
new parameter, the PARAM card, was added to the model. An INREL card was specified under
the PARAM card in order to dictate the type of inertia relief analysis that was going to be
completed on the system. A -2 was inputted in the INREL card to state that the automatic inertia
relief analysis was going to be completed and specified that no support constraints were required.
Once the inertial relief analysis was defined, the engine loads were incorporated into the FEA
model. A point force of 20g’s going in the positive y-direction was added directly in the engine’s
mass. The vertical thrust force is a function of vehicle mass. Hence, an estimation of vehicle
force was calculated for each vehicle. A 26000 lbf was applied to the Snowman: Customized
Tanks and the two Spider vehicle concepts since similar weights were estimated for the three.
Snowman. Morpheus Tanks was a heavier vehicle. Therefore, a thrust force of 36000lbf was
applied. Miniature Morpheus experienced a thrust force of 2100lbf since the vehicle was the
lightest of the six. The force was modeled utilizing a single point constraint because the engine’s
mounting plate was the area where the highest magnitude of the force was expected. This high
magnitude of force directed at the engines mounting plate is due to the thrust vector traveling in
that direction and the dynamic motion created by the engine.
Once the constraints and loads were specified the load step for the pertaining load case
were completed. In the load step, it was specified that the case being analyzed was linear static in
with a 20g load and no constraint since inertial relief analysis is going to be incorporated to the
FEA model. The model was then ran using Optistruct.
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3.2.3.3 Lateral Load Case
After completing the vertical load case, the lateral load that the
vehicle was going to experience during flight had to be analyzed. As in
the above load case set-ups, the constraints and loads had to be
specified in order to model the lateral load case. A new load collector
was created to include the constraints required to model the lateral
loads. Unlike the vertical load case, inertial relief analysis was not
utilized to model the lateral loads because the software did not support
the use of gravitational forces and inertial relief simultaneously. For
this reason, single point constraints were added to the model. The
SPC’s were positioned in a manner that each model was kinematically
constrained in various degrees of freedoms so that the vehicle could
only displace in the desired degree of freedom. The goal of
kinematically constraining the structure was to closely resemble
inertial relief analysis, while using single point constraints. For this

Figure 24.Lateral Load SPC's

reason, three vertices of the vehicle’s frame located in the same plane were constrained. Figure
12 demonstrates that the top vertices was constrained in the x,y, and z axis to prevent the
structure to translate in any of the axes. The bottom vertices was constrained in the x and z axis
to prevent rotation in their pertaining axis, while rotation in the y axis was prevented by
constraining the top right vertices in the z direction.
After specifying the single point constraints, the lateral loads the vehicle is exposed to
during flight was modeled. A gravity load of GRAV card was added to a new load collector to
incorporate the lateral forces to the model. The gravity load card allows the specification of the
gravity loads the geometry experiences by indicating the magnitude of the gravitational force as
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well as the direction of the force [26]. A force of 161 lbf acting on the positive x-direction was
defined in the magnitude field. The load step for the lateral load case was created. Alike in the
previous load step, linear static analysis was specified along with its pertaining load and
constraints.
3.2.3.4 Maneuver Load Case
The vehicle is going to experience a combination of loads when completing its flight
mission. As previously mentioned, the flight mission requires the vehicle to hover while
completing a roll maneuver. A load case was added to the FEA model to ensure that the vehicle
structure will be able to withstand the loads it experiences when completing the roll maneuver.
Before modeling the combination of loads acting on the structure, the RCS loads had to
be incorporated to the system. When constructing the geometry of the vehicle, two equally
spaced nodes were placed in two corners of the structure in which a concentrated mass was
defined to simulate the mass of the RCE’s. A 5lbf force was placed in the four nodes in which
the concentrated masses of the RCE’s engines were defined. In order to simulate the engine loads
as well as the RCS loads, a load card was assigned to the newly created load collector. The load
card allows the modeling of the load combinations acting in the structure simultaneously. The
number of loads as well as the load collectors were specified in the load card. The load case for
the maneuver utilized the existing inertial relief analysis previously specified for the vertical load
case. Therefore, no constraints had to be aggregated to the FEA model. Linear static analysis was
specified in the new load case along with the load card which was created.
3.2.3.5 Landing Load Case
Upon completion of the roll maneuver, the vehicle will complete a soft landing in which
the vehicle will have to withstand the loads it experiences while landing. Other load cases to take
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into consideration is in the instance that one or more of the legs of the vehicle fail while landing.
For this reason, a series of landing load cases were added to the model in which normal landing,
two leg landing, and one leg landing was considered. For all landing cases the same load was
assumed, while the constraints were the parameters which were varied.
Single point constraints were utilized in all the landing load cases. For
normal landing, the SPC’s were placed in the four vertices of the structure as
well as in the end of each of the four legs. The SPC’s were constrained in the
x and z directions in order to allow displacement to occur in the y direction. In
the case that the vehicle landed on two legs, similar constraints were
incorporated to model. SPC’s were placed in the top vertices and in the tip of
the CELAS element in two of the legs. The same pattern was followed for the
one leg landing load case. A gravitational force of 1932slinches in the
negative y direction was specified in the newly created GRAV card. A load
step for each landing scenario was created in which the linear static analysis
was specified the same load was utilized for all the load steps with their
Figure 25. Normal Landing SPC's

pertaining constraints.

3.3 FEA RESULTS
Once the setup was completed for each vehicle concept, the FEA model was run to obtain
the stress analysis of the various structures. The Von Misses stresses and displacement of the 1D
and 2D elements were examined to determine if the structure met the desired structural
requirements. A safety factor of 2 was utilized in all major components such as in the base of the
tanks and the engine mount. The rest of the structure was required to maintain a safety factor of
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1.5. Each model was analyzed utilizing these design criteria for and had to meet these
requirements in all the load cases created in the FEA model.
The modal analysis completed on each of the vehicle designs provided the natural
frequencies of the system. These natural frequencies dictate the frequency levels in which the
system will experience resonance. Resonance will cause powerful frequencies capable of
destroying the structure of the vehicle. By adding reinforcements to the structure and making the
structure stiffer, the natural frequencies occur at higher frequencies. Therefore, making it more
difficult for the structure to experience these loadings when exposed to dynamic loading.
Following the results obtained through the modal analysis, diagonal trusses were added to
portions of the vehicle structures to prevent the structure from experiencing any torsion while at
the same time keeping the structure stiffer. The spider with the cylindrical tanks placed in a
horizontal manner had the highest natural frequency of 51Hz, while the lowest natural frequency
of 21Hz was obtained by the Snowman tank configuration utilizing the 48in diameter. The
remaining vehicle models experience natural frequencies within this range. It is hypothesized
that the configuration of the Snowman: Morpheus Tanks model experiences the lower natural
frequency due to the significant height difference between the models. The Snowman:
Customized Tanks experiences its first mode at 21Hz, but the first modes experienced by the
vehicle are seen in the propellant and pressurant tanks. Extra horizontal stabilizers are going to
be added to the tanks to stiffen the tanks and reduce sloshing. These stabilizers were not modeled
in the FEA as the addition of these horizontal bars prevented the weight of the propellant tank to
be modeled in the vehicle base. The frame of the vehicle begins to experience its first mode at
111 Hz.
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When analyzing the Von Misses stresses and displacement results for each design
concept, the highest stresses were observed in the engine mounting section of the structure in the
vertical load case as demonstrated below. This was expected since the force was concentrated in
the center node engine mounting plate. This area for all load cases failed to meet the safety factor
of 2.0 to yield strength. Consequently, the cross section of the structural members in this area
were increased. To maintain vehicle weight at a minimum the areas were the structural members
were oversized were addressed. In all models the vertical structural trusses, as well as the
structural members surrounding the Helium tank were optimized to a smaller size. The structure
was aimed to be maintained at 10% to 20% of the vehicles total weight to allow the vehicle an
enough large margin to carry the necessary hardware.
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Figure 26.Von Misses Stresses Vertical Load, from left to right: Snowman: Morpheus Tanks, Snowman: Customized Tanks, Spider: Cylindrical Tanks, Spider:
Spherical Tanks, and Miniature Morpheus

Figure 26 demonstrates the Von Misses stresses of the 1 dimensional elements of each
optimized vehicle concept. Optimizing the Snowman: Morpheus Tanks proved to be the biggest
challenge as the structural members were resized so that the safety factors would be maintained
in the crucial areas. The structural members in the engine mount base had to be increased to
4.875 by 4.875 by 0.25in while the oversized structural members were reduced to be 2 by 2 by
0.125in so that the structure would not go over the weight limit. In each iteration the weight of
the vehicle was verified and the percent weight of the structure was calculated. With the
Snowman: Morpheus Tanks it was observed that the vehicle was exceeding or relatively close to
the 2,000lbs of desired weight and the structure could not be reduced to be less than 20% of the
total vehicle weight. The optimized structure had a final weight of 1900lbs and experienced a
maximum stress of 22ksi in the helium and liquid oxygen base and all other structural members
experienced stresses below 19 ksi as observed in figure 14. The stresses in the bases of the tanks
did not meet the safety factor of 2. If the structural members in these areas were increased to
meet the safety factor, the vehicle would exceed the weight limit. Hence, the FEA structural
members were maintained in the minimum size possible without exceeding the desired weight.
Snowman: Customized Tanks and Spider: Cylindrical Tank Vertical Tank Configuration vehicle
concepts experienced a maximum stress of 20 ksi in the 1D elements located in the base of the
helium tank and main engine base. This was expected as the engine load was concentrated in the
engine mount. The vehicle concept, Spider: Spherical tanks, experienced the highest stress of 26
ksi at the vertical trusses in the area where the RCS are located. This areas of high stress
concentration can be caused by the extra weight those elements are exposed to due to the
mounting of the RCS thrusters. At the same time, the vertical trusses were decreased to a 2 by 2
by 0.125 to decrease to overall weight of the vehicle. Therefore, causing the forces to be
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distributed in a smaller area. The high stress in these structural members were not of major
concern since the vehicle maintained the safety factor of 1.5 to yield in this location. Similar to
the Snowman: Customized Tanks, Miniature Morpheus experiences the maximum stresses of
18ksi in the helium tank base and engine mount. Spider: Horizontal Cylindrical Tanks, sees a
maximum stress of 22ksi in the vertical trusses in which the tanks are mounted. This is expected
as those structural members are carrying the propellant and tank weights. Areas of low stress are
observed in all vehicle concepts. The structural members in these areas were not further reduced
in size because when the concepts were ran under the lateral load case these areas would fail.
Unlike in the vertical load case, the vertical structural members of the various vehicle
designs experienced high stresses for the lateral load case. The vertical members were resized so
that the square tubes were not overdesigned, but met the 1.5 to yield safety factor. This allowed
the vertical structural members to become slightly smaller. Hence, decreasing the overall weight
of the vehicle. Weight was an important parameter taken into consideration when sizing the
structural members. The vehicle weight couldn’t exceed 2, 000 lbf since the engine has the
capability of exerting a maximum thrust of 2,000 lbf. Hence, the structure was aimed to not take
more than 15% of the total vehicle weight. All the structural members of the vehicle were
optimized as close as possible to this margin. Snowman: Morpheus Tanks and Spider: Spherical
Tanks experienced a maximum stress of 20 ksi in the Helium tank frame. Snowman: Customized
Tanks and Miniature Morpheus experienced the highest stress of 15ksi and 6ksi respectively in
the vertical trusses. These concentration of stresses were due to the structural members being in
direct contact with the lateral loads the vehicle experiences. The structural members were not
further reduced from its 2 by 2 by 0.125in dimensions because reducing the size of the structural
members directly affected the vertical load case. Since the area was reduced in the vertical

61

trusses the force exerted by the engine would concentrate in the engine base and the base of the
LO2 tank as the area was decreased and the forces were transmitted to the tank base. Both Spider
vehicle design yielded maximum stresses of 26ksi in similar areas as the previous vehicle
concepts. A higher stress is observed by these vehicles since the lateral load being implanted was
a function of vehicle weight. These vehicles had a higher vehicle weight causing the lateral loads
to cause a larger impact.

Figure 27.Von Misses Stresses Lateral Loads, left to right: Snowman: Morpheus Tanks, Snowman: Customized Tanks, Spider, Cylindrical
Tanks, Spider: Spherical Tanks, and Miniature Morpheus
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The maneuver load case did not cause any significant changes to be made in the structure
since the RCS’ loads are not high in magnitude. Figure 13 demonstrates the Von Misses stresses
observed by each of the vehicles once they have been optimized. The structures do not
experience stresses higher than 27ksi while the bases of the tanks and engine are not exposed to
stresses above 20ksi.
The landing gear load cases were run for all the models, during these cases the spring
stiffness was modified so that a displacement above three inches was not observed in the
structure during normal landing. A spring stiffness of 700 lbs/in was utilized for all vehicle
concepts with the exception of the snowman tank configuration with the 48 in diameter tanks.
This vehicle was significantly heavier and therefore required a spring stiffness of 1200 lbs/in. At
the same time, the stresses in the structural members were analyzed during all the landing cases,
especially during the 2 and 1 leg landing. The stress increased by a factor of two when the
vehicle landed with 2 legs. A smaller increase in the Von Misses stress for 1D elements was
observed. The results for the landing gear for one of the concepts is demonstrated in figure 16.
The Snowman: Customized tank suspension system was optimized to contain a stiffness factor of
700 lbs/in which caused the vehicle to displace 1.5in, 3in, and 6in during normal, 2leg, and 1 leg
landing respectively. During normal and 2 leg landing the maximum stress increases from 3ksi to
6ksi in the Helium tank base. The stress in the structure is minimal as the impact force during
landing is equally distributed among the four legs of the vehicle. The highest stresses are
observed during 1 leg landing of the vehicle and is concentrated in the vertical trusses. These
areas of high stress concentration are caused by the high impact the vehicle will be exposed to
when landing. The vehicle weight will be carried by one leg and it is expected that the other four
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corners of the vehicle frame will have direct impact with the ground causing these areas to fail or
be close to failing.

Figure 28.Von Misses Stresses Landing Loads, left to right: Normal Landing, 2 Leg Landing, 1 Leg Landing

Once all the vehicle concepts were optimized, final weight measurements and vehicle
dimensions were obtained. The table below demonstrates the various weights off all vehicles
obtained from the Hypermesh software.
Table 7. Final Vehicle Properties

Concept

Width (ft.)

Height (ft.)

Weight (lb.)

15

Aspect
Ratio
1:3

Snowman: Morpheus Tanks

5

Spider: Vertical Cylindrical Tanks

6

7

1:1.2

1400

Spider: Spherical Tanks

6

5

1.2:1

1290

Snowman: Customized Tanks

3

9

1:3

1267

Miniature Morpheus

4

3 1/3

1.2:1

1250
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1900

As it can be observed the Snowman tank configurations, yield the vehicles with the
highest altitude and overall weight. The Snowman: Morpheus tank has a weight of 1,900lbf
leaving no weight margin for the electrical wiring and tubing weight estimations missing from
the FEA model. At the same time the frame takes up 22% of the total weight of the vehicle. This
margin was attempted to be reduced, but when structural members were modified areas of the
structure would not meet the safety factor requirements. Stresses up to 30ksi were observed in
the engine plate when the size of the structural members were reduced. From table 3, four of the
vehicle designs were chosen to complete further analysis. The Snowman with Morpheus tank,
snowman customized tanks, miniature Morpheus, and Spider: Spherical tanks were selected as
the vehicles to be considered for the final design. Snowmanm: Morpheus tanks was chosen,
because if the tanks were donated it would reduce risk and overall cost of the vehicle. The
Snowman: Customized Tanks, miniature Morpheus, and the Spider: Spherical tanks were also
considered for the final vehicle design since these three vehicles are the lightest vehicle designs.
3.4 TRADE STUDY RESULTS
The trade studies were completed between the four different designs. Cost,
manufacturability, maneuverability, and weight were considered when deciding the final design
of the vehicle. Each category was scored using a scale from -2 to 2 in which -2 was really poor
while 2 was excellent the result of the trade studies are demonstrated in table 4.
Table 8. Trade Study Results

Design
#
1
2
3
4

Concept

Weight

Maneuverability

Cost

Manufacturability

Total:

Snowman: Morpheus Tanks
Snowman: Customized
Tanks
Miniature Morpheus
Spider: Spherical Tanks

-2
1

1
1

2
1

0
1

1
4

2
-1

0
0

-1
0

2
2

3
1
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Snowman: Morpheus Tanks scored the poorest in the weight category as it was the heaviest of all
the vehicle concepts, but had the best score in score as the tanks would be donated to the university.
From all the vehicle concepts, the miniature Morpheus scored the best in the weight category, was
scored poorly in maneuverability. This was due to the distance between the center of gravity and
the main engine was the shortest with this vehicle design. The Snowman: Customized tanks was
the second lightest vehicle and was rated good for all remaining categories. The Miniature
Morpheus and Snowman: Customized Tanks were the vehicles that scored the highest when the
final ratings were tallied.
To further understand the maneuverability of the Snowman: Customized Tanks, a graph
was constructed in order to determine the angular displacement of the vehicle when exposed to a
lateral load. A 5g lateral load was applied to the tip of the vehicle to model the wind load. The
same magnitude for the lateral load was used as in the FEA model to maintain consistency. The
angular displacement of the vehicle was obtained utilizing the torque, angular velocity, and angular
displacement equations. A force of 6,000 lbf was applied 4ft from the center of gravity of the
vehicle which produced a moment of 301,390 lbs-in. With the obtained moment the angular
acceleration of the vehicle was calculated. To obtain the angular velocity of the vehicle, the time
was vas varied from 0 to 3 seconds. Using the calculated angular velocity and time of displacement,
the angular displacement (θ) of the vehicle was obtained. The results are demonstrated in figure
29. The graph demonstrates that the vehicle will have an angular displacement 5° after the lateral
load is applied for 0.75s. Gimbaling systems for rocket engines are often designed with capabilities
to correct maximum angles of 6°. Hence, the time obtained for the angular displacement of 5° will
dictate the minimum response time that the control system must adapt in order to be able to correct
the vehicle’s trajectory during flight.
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Figure 29. Snowman: Customized Tanks Maneuverability
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3.5 J-1 DESIGN OVERVIEW
Once the tank configuration and structural design for J-3 was complete, focus shifted to
J-1. The same structural design and tank configuration is going to be utilized for the hot-fire tests
that are going to be completed during J-1. These tests will ensure the structure’s integrity and
obtain an estimate of the dynamic loading experienced by the structure. A modular design was
incorporated to J-1 to facilitate the assembly and manufacturing of the components. Keeping the
system modular was also vital to allow hardware modifications to be made in the system. To
apply the modular design, the structure was divided into three major components which included
the tank, engine, and thrust modules.
3.5.1 Tank Modules
A propellant and helium tank module was designed utilizing 2.5in square tubes with a
wall thickness of 0.25in. The square tubes will be welded together to ensure that the structure of
JANUS remain rigid. Square tubing was chosen over other cross sections due to its ability to
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withstand bending as well as torsional loads, while at the same time
facilitating assembly of the vehicle. The propellant tank module was 45in
in width and length and had a height of 8ft 10in. The helium tank module
maintained the same width and length as the propellant tank module, but
was much shorter with a height of 3ft 9in. These dimensions were adapted
to house the 34in diameter propellant tanks and the 22in diameter helium
tanks required for the 35second hot-firing tests that are going to be

Figure 30: Tank Module

completed during the test campaign for J-1.
2in solid horizontal square tubes were added in the four faces of the three tank modules.
These horizontal structural members were incorporated to the vehicle frame to increase the
rigidity of the structure and to prevent the frame from deforming during assembly. The
horizontal members were integrated to the structure through a pin connection. A set of ears were
welded to the structural frame while the mating part was welded to the solid square tubes. A
1/2in steel grade 5 bolt was utilized in each end to secure the square tubes in the frame. The
horizontal trusses were made removable to allow the tanks to be detached from the structure and
taken out from the sides of the frame if needed.
Two circular 1/4 in aluminum trusses were integrated to each of the
tanks. The trusses will be connected to the frame by a set of pin connections. The
aluminum trusses will constraint the vibration of the tanks during hot-firing. To
maintain the vehicle structure modular, the end of each tank module will contain
a solid 2in by 2in cube which will be welded to each end of the base. The cubes
will allow the top module to slip on to the mating part and will be joined together
by a 3/4in steel grade 5 bolt which will go through the cube and vehicle frame.
Figure 31. J-1 Assembly
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Crane lift points were also positioned in each corner of the three tank modules which would be
utilized during assembly. As in the design for J-3, the bottom boss of the tank will contain a
flange which will mate with a welded flange found in the structure.
FEA analysis was completed on the structure to ensure that it was capable of
withstanding the loads it experiences during hot-fire testing. The FEA model for the Snowman:
Customized tank was modified for J-1. The geometry of the model was updated with the vehicle
dimensions required for J-1. Since J-1 is a static test, weight is not a major concern allowing the
vehicle to be as heavy and robust as possible. For this reason, A500 Grade B steel tubes replaced
the aluminum 6061-T6 tubes that were modeled for J-3. The thrust load, lifting load, and
modular analysis was incorporated to the FEA model. A 24,000lbf point force was added in the
engine connection to model the thrust of the engine as well as the vibration loads. The lift load
was modeled by placing a 1,000 lbf point mass in the crane mounting locations. Since the model
is static during hot-firing of the engine, the spring elements used for the landing gear for J-3 were
replaced by CBAR connections with a 4 by 4 in square cross section with a wall thickness of
0.25in. SPC’s were added in each of the four legs constraining the vehicle from all degree of
freedom. As in the J-3 FEA model, inertial relief was utilized to model the lift load case. From
the results obtained, the vehicle had a maximum safety factor of 3.5 through all the load cases.
The modular analysis demonstrated that the structure had to be made stiffer since it experienced
its first natural frequency at 22 Hz. For that reason, the horizontal trusses were added to the
vehicle.
3.5.2 Thrust Module
After completing the tank modules, the design for the thrust module was initiated. The
thrust module designed was to be utilized not only for JANUS, but also for a sub-orbital vehicle
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known as Daedalus. Daedalus is similar in nature to Janus. It contains a 500 lbf liquid
oxygen/liquid methane engine and has a circular vehicle structure with a diameter of 17in and 22
feet in height. Research was completed on the various techniques utilized to obtain thrust
measurements. Based on thrust stand 401 located in NASA’s White Sands Test Facility, a
compression thrust module was designed [5].
The thrust module incorporates four compression/tension pancake load cells with thrust
measurement capabilities up to 2,000lbf each. They each have an accuracy of 0.1% of full scale
or +/- 2lbs. Four load cells were incorporated to be able to obtain off axis thrust loads during the
hot fire tests and were placed in a load cell plate to allow quick replacement of load cells if
required. Each load cell is mounted in the center with a ¾ in bolt which is responsible for reading
the compressive load caused by the thrust load.
The top frame will be mounted to a load cell and a hexagonal plate. The hexagonal plate
will ensure that the structure compresses
evenly and that the load is distributed
between the 3/4in bolt and the
hexagonal plate. The top of the frame
will be mounted to an external thrust
frame which will be designed in the
future. This will allow the top frame to

Figure 32. Thrust Module and Thrust Module with Engine

act as the ground plate in which movement is constraint linearly. The other end of the load cells
will mount to a square bottom frame with 8 0.266in bolts. The bottom square frame will act as
the live plate and will be able to displace linearly.
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The thrust module frame was designed utilizing 5in by 5in A500 Grade B square tubes
with a wall thickness of 0.375in. Square tubes were incorporated to the thrust module design to
increase the moment of inertia of the structure and therefore increase the rigidity to the frame.
The increase in moment of inertia aids in counter reacting the dynamic loads created by the main
engine during hot fire tests. The stiffer the structure of the thrust module, the more accurate
thrust readings can be obtained. The dimensions of the tubes for the thrust module were selected
based on the clearance left inside the tube to allow wrenches to tighten the bolts. At the other end
of the bottom frame a 0.75in steel grade 5 bolt will be utilized to mount frame to the engine
module.
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Chapter 4: Conclusion
The trade study analysis completed during the J-3 vehicle design stage aided in the
determination of the best vehicle design for JanusThe FEA analysis completed assessed each
design concept based on critical design requirements such as vehicle weight and overall moment
of inertia of the vehicle. Upon completion of the trade studies Snowman: Customized Tanks
proved to have highest rate of all vehicle designs, as it was one of the lightest and cost effective
vehicle. . Further analysis and modification will be incorporated to the vehicle trade studies to
demonstrate the categories that were the most vital during the analysis. This would be completed
by weighing more vital categories such as weight and maneuverability by a factor of 2. Rating
the vehicle in the maneuverability section was a challenge since each vehicle was scored on the
idea that the longer the moment arm a smaller angle would cause a larger correction in the
distance. Therefore, the vehicle’s trajectory can be adjusted at a quicker rate. Further control
simulations are required to assure that the vehicle will be controllable when implementing the
gimbaling system. The work completed in the thesis aided in the determination of the best
vehicle design for the flight robotic lander Janus. This allowed for the first prototype too be
initiated.
The development for J-1 has been initiated in which the design for the tank and thrust
module have been completed. The thrust module will be utilized to test the 2,000lbf CROME-X
engine, as well as the smaller 500lbf CROME engine which will be utilized for the Daedalus
suborbital vehicle. A compression thrust stand was selected over other designs to prevent the
distance between the load cells and the end of the nozzle at a minimal. This distance was
important because any exposure of the load cells to high temperatures could cause discrepancies
in the thrust load readings. The procedure to calibrate the load cells is also being developed to
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ensure that the thrust measurements are accurate. The test campaign for J-1 will be initiated on
August 2017 where more data is going to be obtained about the dynamics of the structure.
During this time, modifications and improvements can be incorporated to the vehicle design. At
the same time, the behavior and performance of the engine are going to be better understood and
more accurate FEA models will be constructed. J-1 will provide a stepping stone for the future
design of the vehicle. The Janus vehicle is going to demonstrate the capabilities of LO2/LCH4
technologies. It will demonstrate that LO2/LCH4 has the capabilities to be utilized for long range
missions.
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Appendix
Appendix A: Complete Instrumentation List
Instrumentation
Quantity
Fluid
Media
1
LCH4
Pressure transducer
Thermocouple

1

LOX

Drain Valve
Drain Valve
RCS FM
Pressure Transducer

1
1
1
2

LCH4
LOX
LCH4
LCH4

2

LCH4

1
2

LOX
LOX

2

LOX

1
2

LCH4
LCH4

2

LCH4

1
2

LOX
LOX

Thermocouple

2

LOX

Cryogenic Filter

2

LCH4/He

Cryogenic Filter

2

LOX/He

Tank Shutoff Valve

1

LCH4

Tank Shutoff Valve

1

LOX

ME Shutoff Valve

1

LCH4

ME Shutoff Valve

1

LOX

Thermocouple
RCS FM
Pressure Transducer
Thermocouple
Main Engine FM
Pressure Transducer
Thermocouple
Main Engine FM
Pressure Transducer
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Description
Determine LCH4 quality going into main engine
(pressure)
Determine LOX quality going into main engine
(temperature)
Drain main engine's LCH4 feed line
Drain main engine's LOX feed line
Measure LCH4 flow rates going into RCE
Pressure measurement for LCH4 flow rate estimation
for RCE (2x per FM)
Temperature measurement for LCH4 flow rate
estimation for RCE (2x per FM)
Measure LOX flow rates going into RCE
Pressure measurement for LOX flow rate estimation
for RCE (2x per FM)
Temperature measurement for LOX flow rate
estimation for RCE (2x per FM)
Measure LCH4 flow rates going into Main Engine
Pressure measurement for LCH4 flow rate estimation
for Main Engine (2x per FM)
Temperature measurement for LCH4 flow rate
estimation for Main Engine (2x per FM)
Measure LOX flow rates going into Main Engine
Pressure measurement for LOX flow rate estimation
for RCE (2x per FM)
Temperature measurement for LOX flow rate
estimation for RCE (2x per FM)
Filters impurities upstream and downstream of
LCH4 tank
Filters impurities upstream and downstream of LOX
tank
Solenoid valves that isolates LCH4 tank from the
primary line for main engine and RCS feed lines
Solenoid valves that isolates LCH4 tank from the
primary line for main engine and RCS feed lines
Solenoid valve that isolates Main Engine from RCS
feed lines
Solenoid valve that isolates Main Engine from RCS
feed lines

RCS Shutoff Valve

1

LCH4

RCS Shutoff Valve

1

LOX

Relief Valve

1

LCH4

Relief Valve

1

LOX

Pressure transducer
Thermocouple
Pressure transducer
Thermocouple
Tank Bleed Valve
Tank Bleed Valve
Fill Valve
Fill Valve
Fill Bleed Valve
Fill Bleed Valve
Check Valve

1
1
1
1
1
1
1
1
1
1
1

LCH4/He
LCH4/He
LOX/He
LOX/He
LCH4
LOX
LCH4
LOX
LCH4/He
LOX/He
LCH4

Check Valve

1

LOX

Check Valve

2

He

Tank Fill FM
Pressure Transducer

1
2

LCH4
LCH4

2

LCH4

1
2

LOX
LOX

Thermocouple

2

LOX

Source Valve
Source Valve
Source Valve
Helium Pressure
Regulator

1
1
2
2

LCH4
LOX
He
He

Thermocouple
Tank Fill FM
Pressure Transducer
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Solenoid valve that isolates RCS cluster from Main
Engine feed line
Solenoid valve that isolates RCS cluster from Main
Engine feed line
Safety measure to ensure LCH4 tank doesn’t exceed
a specified pressure
Safety measure to ensure LOX tank doesn’t exceed a
specified pressure
Measure LCH4 tank pressure
Measure LCH4 tank temperature
Measure LOX tank pressure
Measure LOX tank temperature
Drains LCH4 tank
Drains LOX tank
Solenoid valve to isolate LCH4 tank from fill line
Solenoid valve to isolate LOX tank from fill line
Drains LCH4 tank fill line
Drains LOX tank fill line
Ensure unidirectional flow from LCH4 source to
LCH4 fill line
Ensure unidirectional flow from LOX source to LOX
fill line
Ensure unidirectional flow from He source to LCH4
and LOX fill lines
Measure LCH4 flow rates going into LCH4 tank
Pressure measurement for LCH4 flow rate estimation
for LCH4 fill line (2x per FM)
Temperature measurement for LCH4 flow rate
estimation for LCH4 fill line(2x per FM)
Measure LOX flow rates going into LOX tank
Pressure measurement for LOX flow rate estimation
for LOX fill line (2x per FM)
Temperature measurement for LOX flow rate
estimation for LOX fill line (2x per FM)
Isolates LCH4 source from LCH4 fill line
Isolates LCH4 source from LOX fill line
Isolates He source from LCH4 and LOX fill line
Regulates pressure to deliver He to the system
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